ABSTRACT. The current study was designed to evaluate lipid peroxidation (via malondialdehyde) levels, the superoxide dismutase (SOD) gene expression profile, and SOD enzyme activity in tomato plants (Lycopersicum esculentum L.) subjected to different time periods of cold stress (control, 2, 4, 6, 8, and 10 days). Results revealed that maximum lipid peroxidation occurred in plants exposed to cold stress for 10 days, and SOD enzyme activity gradually increased with increasing exposure to cold stress. The level of mRNA increased within 4 days of cold treatment. After this period, the level tended to decrease and reached a minimum by the eighth day. A complex gene expression profile was determined, which was not statistically significant until the eighth day. At the 10th day of cold treatment, the mRNA level of SOD increased and changes between the 8th and 10th day were found to be statistically significant at the P < 0.05 level. These results suggest that Gene expression profiles of superoxide dismutase the SOD gene and enzyme play a key role in resistance to cold stress conditions in tomato plants.
INTRODUCTION
The rapidly growing world population has made it necessary to prevent losses in crop productivity (Tester and Davenport, 2003; Mazzucotelli et al., 2008) . Plants are exposed to a wide array of environmental stress factors, such as drought, heat, cold, ultraviolent light, air pollution, and pathogen attacks among others (McKersie and Leshem, 1994; Pinheiro et al., 1997) . Among these various abiotic stresses, cold is one of the most significant limitations to growth, affecting many genetic, physiological, and biochemical responses in plants. These responses include: changes in membrane composition, photosynthetic efficiency, accumulation of sugar or other compounds, closure of stoma, production of small molecules and free radicals, and alterations in the activities of antioxidant enzymes and their gene expressions (Beck et al., 2007; Tian et al., 2011) .
In response to stomatal closure and limited CO 2 availability, chloroplasts, mitochondria, and peroxisomes generate reactive oxygen species (ROS), such as O 2 -, H 2 O 2 , 1 O 2 , HO 2 -, OH, ROOH, ROO, and RO, which can all act as oxidative damaging factors at the cellular level. On the other hand, a protective or signaling factor depends on the equilibrium between ROS production and scavenging or defense mechanisms (Smirnoff, 1993; Mittler, 2002) .
For scavenging of ROS, plants have antioxidant mechanisms that are divided into two components: non-enzymatic antioxidants and enzymatic antioxidant systems. The non-enzymatic antioxidants include glutathione, proline, carotenoids, and tocopherol, and the enzymatic antioxidants include monodehydroascorbate reductase, dehydroascorbate reductase, glutathione reductase (GR), ascorbate peroxidase (APX), catalase, and superoxide dismutase (SOD) (Verma and Dubey, 2003; DalCorso et al., 2008) .
SOD plays a determinant role in protection against the toxic effects of oxidative stress by scavenging superoxide radicals and promoting their conversion into oxygen and hydrogen peroxide. Four different classes of SODs have been distinguished, depending on the metal present at the active center: manganese (Mn), iron (Fe), copper (Cu), or zinc (Zn). Cu/Zn SODs are generally found in the cytosol of eukaryotic cells and chloroplasts, Mn SODs are found in mitochondria, chloroplasts, and peroxisomes, and the dimeric Fe SODs, which are not present in animal cells, are found in chloroplasts (Droillard and Paulin, 1990; Van Camp et al., 1994; Fridovich, 1995) .
In the current study, the gene expression profile of the SOD enzyme was analyzed at the mRNA level by real-time reverse transcription-polymerase chain reaction (RT-PCR) in tomato (Lycopersicum esculentum L. 'Falcon') samples exposed to cold stress for various time intervals. To gain information about the regulation of the SOD gene product, enzyme activities in the samples were also evaluated.
Modern methods such as real-time RT-PCR and microarray hybridization allow precise measurements of mRNA steady-state levels. Real-time RT-PCR provides advantages, such as very high sensitivity and precise quantification of mRNA levels of genes of interest when expression levels are compared under different conditions or treatments. The control of gene expression in all cells involves various molecules, including RNA polymerases, numerous tran- scription factors, the DNA template, the RNA produced by transcription, and the protein produced by translation with its attendant processing. The examination of gene expression often involves quantifying the abundance of a particular transcript. Real-time RT-PCR, like other methods such as Northern hybridization, does not provide information about the transcriptional activity of genes, but measures only steady-state levels, i.e., the final accumulation of RNA in the cell at the moment of lysis. These methods fail to take into account the stability of the RNA, as well as the rate of transcription at the specific loci under investigation. In order to describe the nature of gene expression modulation in more depth, it is necessary to examine the level of the corresponding protein so as to determine whether alterations in transcript levels, protein levels, or both are in some way associated with phenotypic change (Farrell, 2007) . In this regard, in the current study, experiments were conducted in three phases after cold stress treatments. In the first part, in order to obtain evidence that plants were in stress, malondialdehyde (MDA) levels were determined following the cold treatments. Small hydrocarbon fragments, such as ketones, MDAs, and related compounds, have been used as indicators of lipid peroxidation or membrane damage, which are considered as the first evidence of stress in plants (Lyons, 1973) . In the second part of the study, the abundance of the steady-state level of SOD mRNA was determined by quantitative real-time PCR. Finally, in the third part, SOD enzyme activities were determined in order to obtain insight into the final stage of SOD gene expression in tomato samples exposed to different time periods of cold stress.
Consequently, this study will help to clarify the response mechanisms of SOD to cold stress in L. esculentum, and will provide a foundation for future studies related to the role and mechanism of SOD enzymes during cold stress tolerance.
MATERIAL AND METHODS

Plant material, growth conditions, and stress treatment
Tomato (L. esculentum) seeds were germinated and grown hydroponically in pots containing 0. O) with the following final concentrations of ions: 2 mM Ca, 1 μM Mn, 4 mM NO 3 , 0.2 μM Cu, 1 mM Mg, 10 nM NH 4 , 2 mM K, 1 μM Zn, 0.2 mM P, 0.1 mM Fe, and 1 μM B. Six plants were grown in each pot in a controlled environmental growth chamber under 250 mmol·m -2 ·s -1 photosynthetic photon flux at 25°C and 70% relative humidity. Twenty-five-day-old plants grown in controlled media were used for stress treatments. For application of cold stress, plants were exposed to 4°C and samples were collected at different time periods (control, 2, 4, 6, 8, and 10 days). Cold stress-treated whole tomato plants (total leaves, stems, and roots) were ground in liquid nitrogen and used for estimation of lipid peroxidation, protein extraction, SOD enzyme activity assays, RNA extraction, and gene expression analysis.
Estimation of lipid peroxidation
MDA is a marker of oxidative lipid injury as it changes in response to environmental factors that lead to stress in plants. Thiobarbituric acid (TBA)-MDA content was determined as (Equation 1) described by Hodges et al. (1999) . Plant tissue samples were homogenized in liquid nitrogen and homogenized with 80:20 (v:v) ethanol:water, followed by centrifugation at 3000 g for 10 min. A 1-mL aliquot appropriately diluted sample was added to a test tube containing 1 mL either TBA solution containing 20.0% (w/v) trichloroacetic acid and 0.01% butylated hydroxytoluene or + TBA solution, containing the same components as above with the addition of 0.65% TBA. Samples were then mixed vigorously, heated at 95°C in a hot plate (neoBlock1, 2-2503) for 25 min, cooled, and centrifuged at 3000 g for 10 min. Absorbance values were measured at 440, 532, and 600 nm on an enzyme linked immunosorbent assay (ELISA) microplate reader (SpectraMax M2). The equivalents of MDA were calculated using the following equations: 
RNA extraction and gene expression analysis with real-time quantitative PCR
RNA extraction was performed with the Trizol protocol according to the RNeasy Mini Kit (Qiagen, Cat No. 74104) cleanup (Chomczynski and Mackey, 1995) . The quantity and quality of RNA were determined on a Nanodrop ND-Spectrometer 1000 and confirmed by gel electrophoresis, which contained 1.5% agarose and formaldehyde. A two-step procedure was used for real-time RT-PCR. Reverse transcription reactions were performed with 2 mg RNA, 2.5 mM anchored-oligo(dT)18, 1X Transcriptor High-Fidelity Reverse Transcriptase Reaction Buffer, 20 U Protector Rnase Inhibitor, 1 mM deoxynucleotide mix, 5 mM DTT, and 10 U Transcriptor High-Fidelity Reverse Transcriptase, using the High-Fidelity cDNA Synthesis Kit (Roche).
Real-time PCR was performed on a Light Cycler 480 System (Roche). The sequences of primers and probes (Table 1) of the target gene (SOD) and the actin (ACT) gene, used for normalization, were designed based on sequences of tomato genes available in the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/). These sequences are common sequences of four different classes of SODs, which are located in the cytosol, chloroplasts, mitochondria, and peroxisomes of tomato cells. Amplifications of PCR products were monitored via intercalation of hybridization probes. Copy numbers of genes (SOD and ACT) under stress treatments were determined using standard curves.
TCTCCATCCCATCAAAAAAACAAATTgACT Table 1 . Primer and probe sequences of superoxide dismutase (SOD) and actin (ACT).
Protein extraction and SOD enzyme activity assays
Whole samples exposed to different time periods of cold stress were homogenized with 1:1 (w/v) 0.2 M phosphate buffer, pH 7.0, with a cold mortar and pestle. The homogenate was centrifuged at 27,000 g for 20 min. The supernatant was used for assays of total soluble protein content according to the Bradford method, using bovine serum albumin as a standard (Bradford, 1976) . All extracts were assayed for SOD activity photochemically at 440 nm, using the SOD determination kit, which enables SOD assaying with Dojindo's highly water soluble tetrazolium salt, WST-1 (2-3-5 -2H tetrazolium salt, monosodium salt), that produces a water soluble formazan dye upon reduction with a superoxide anion. The absorbance at 440 nm is proportional to the amount of superoxide anions present, and the SOD activity can be quantified by measuring the decrease in color development at 440 nm (Sigma Aldrich 19160).
Statistical analysis
The abundance of target gene transcripts was normalized to that of ACT and set relative to control plants according to the 2 -∆∆CT method (Livak and Schmittgen, 2001 ). Changes in relative expression levels of the gene were checked for statistical significance with one-way analysis of variance (ANOVA). The results were considered to be statistically significant if P < 0.05 in the Dunnett test.
RESULTS
Estimation of lipid peroxidation
MDA analysis was used as an indicator of lipid peroxidation or membrane damage, which is considered as the first evidence of cold stress in plants. MDA contents of tomato samples treated with different time periods of cold stress are shown in Figure 1 . All time periods of cold stress caused an increase in MDA contents in tomato plants. The minimum MDA level was observed in tomato plants exposed to cold stress for 2 days, and the maximum MDA content (45.20%) was observed in plants exposed to cold stress for 10 days. The MDA content of L. esculentum samples in all time periods (control, 2, 4, 6, 8, and 10 days) were determined to be 7. 38, 8.56, 24.89, 39.69, 41.70 
Real-time quantitative RT-PCR
The mRNA expression levels of the SOD and ACT genes were analyzed in L. esculentum samples with real-time PCR (Light Cycler ® 480 System, Roche), and the results are summarized in Figure 2 . SOD gene transcript levels were calculated in tomato samples exposed to various time intervals of cold stress. To avoid error, real-time RT-PCR is typically normalized with ACT as a housekeeping and internal control gene along with control samples. To evaluate the stability of the results, SOD and ACT transcript levels of all samples were measured three times for each time period. With regard to the control and to each other, different expression levels were recorded in all time periods of the cold treatments. Results revealed that the level of SOD gene transcripts decreased in the first time period (2 days) of cold treatment. Subsequently, the level increased 1.17-fold compared to that of the control in 4 days cold-treated tomato samples. Following the recovery period, a decrease in SOD expression was observed in the samples exposed to cold stress for 6 and 8 days, and these decreases were compatible with plasmolysis observed in leaves of tomato samples. The changes in the expression levels of SOD were not significant, except at 8 days of cold treatment, which was significantly reduced by 0.38-fold compared to the control (P < 0.001).
SOD enzyme activity assays
To verify the responses of the tomato plants to different time periods of cold stress, differences in the enzyme activity of SOD were determined based on inhibition of WST-1, and the results are shown in Figure 3 . Tomato plants that were cold stressed for 2 and 4 days displayed significant inhibition in the WST-1 rate, indicating that SOD enzyme activity was strongly reduced. Furthermore, although SOD enzyme activity was significantly decreased in the short time period of stress (2 and 4 days), long periods of cold stress (6, 8, and 10 days) resulted in an increase in enzyme activity compared to control plants. SOD enzyme activities gradually increased with increasing time of cold stress, and an almost directly proportional relationship was found between enzyme activity and MDA content of L. esculentum samples. 
DISCUSSION
In the current study, we analyzed the effects of cold stress on the cell membrane, SOD enzyme activity, and gene expression profile in tomato plants (L. esculentum). Cold stress is known to be related to ROS accumulation. Increased ROS levels in plants exposed to stress might indicate unsaturation in membrane lipids, modification in membrane composition, fluidity, and permeability, or differentiation in cell wall-modifying enzyme activities, which can all lead to lipid peroxidation (Horvath et al., 1998; Örvar et al., 2000; Brummell et al., 2004) . Increased lipid peroxidation has been reported in many plants under different environmental stresses (Moran et al., 1994; Prasad, 1996; Gülen et al., 2008) , including cold stress (Posmyk et al., 2005; Xu et al., 2010) . MDA contents, as an indicator of lipid peroxidation, are generally considered as the first evidence of cold stress in plants (Lyons, 1973) . Results of the current study indicated that MDA content substantially increased with elongated time periods of cold stress. The maximum level of MDA (45.20%) was attained in the samples exposed to cold stress for 10 days (Table 2 and Figure 1) . The results also showed that ROS-induced lipid peroxidation started quickly after cold stress was induced, and the level of the injury depended on the total exposure time.
ROS have dual actions, acting both as oxidative damaging factors at the cellular level and as protective or signaling factors, depending on the equilibrium between ROS production and scavenging or defense mechanisms (Mittler, 2002) . Plants have several antioxidant enzymes and metabolites located in various cellular compartments, the most significant being SODs, a family of metalloenzymes that catalyze the dismutation of O 2 -to H 2 O 2 (Dat et al., 2000) . SOD plays a significant role in scavenging superoxide radicals and promoting their conversion into oxygen and hydrogen peroxide, and its activity has been associated with temperature stress (Rao et al., 1996) . The effects of antioxidant enzymes under different abiotic stresses have been demonstrated in several previous studies (Lee et al., 2000; Zhang et al., 2004; Wu et al., 2004) . The current study revealed that the antioxidant responses of plants to cold stress could be reflected as changes in gene transcripts and enzyme activities of SOD.
Overexpression of antioxidant genes, such as GR, APX, SOD, etc., have been demonstrated to provide enhanced tolerance to ROS-induced stress in several crop species (Roxas et al., 2000; Shinozaki and Yamaguchi-Shinozaki, 2000; Payton et al., 2001; Dai et al., 2009; Goupil et al., 2009; Fortunato et al., 2010) . Different gene encoding factors involved in signal transduction cascades, such as transcription factors, are induced by stress treatments, which in turn might affect expression patterns of antioxidant genes (Shinozaki and Yamaguchi-Shinozaki, 1996) . Several methods are currently being used to analyze gene expression profiles in plants. In the current study, the differential expression pattern of the SOD gene with respect to cold stress was analyzed with real-time PCR. The sequences of primers and probes (Table  1) of the target gene are common sequences of four different classes of SODs located in the cytosol, chloroplasts, mitochondria, and peroxisomes of tomato cells, which in turn provides global information about the expression levels of SOD isoenzymes in the whole plant. Analysis of gene expression patterns during cold stress treatments showed a complex profile. The level of mRNA increased within 4 days of cold treatment. After this time period, the level tended to decrease, and reached a minimum at 8 days. When we analyzed this complex profile of gene expression, the changes were found to be statistically insignificant until 8 days of cold stress treatment. At 10 days, the mRNA level of SOD increased and the changes between 8 and 10 days were found to be statistically significant at the P < 0.05 level.
SOD gene expression patterns at the mRNA level were not positively correlated to changes in SOD enzyme activities under different conditions of cold treatment. For example, although the steady-state level of mRNA decreased slightly after 4 days of cold treatment and reached a statistically important level at 8 days (compared to the control), a gradual increase was observed in enzyme activity levels until the 10th day (Figures 2 and 3) . These results suggest regulation of SOD gene expression at the translational or post-translational levels until 8 days of cold exposure. Increased stability of proteins at low temperatures (Privalov, 1990 ) might explain the observed increase in enzyme activity. However, at 10 days, a sharp increase was also observed in the mRNA level (Figure 2) , suggesting a need for new transcripts or increased stability of nascently transcribed mRNAs. In other words, transcriptional or post-transcriptional levels of control of SOD gene expression might have occurred in tomato plants at the 10th day of cold exposure. The increased level of mRNA might have been sustained after 10 days, but as the plants start to lose their viability at this stage, we could not continue the experiments after this time period. Although the current study highlights some important factors in the regulation of SOD gene expression under cold stress in tomato plants, further analysis is necessary to explain this complex interaction.
To overcome the limitations for plant productivity, and to improve crop yields under cold stress, it is important to understand the molecular mechanisms of stress responses in higher plants. The relationship between lipid peroxidation, SOD enzyme activity, and SOD gene expression profile was found to be a very significant indicator of the effects of cold stress in plants. Results of this study provide new perspective about the relationship among ROS accumulation, lipid peroxidation, SOD enzyme activity, and gene expression profile in tomato plants under cold stress. The results also suggest that regulation of the SOD enzyme in tomato might occur in more than one step, and the network regulating the SOD pathway might be extremely complex.
